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target simulation the atom positions are specified to correspond to me positions ww. » y 

"TSESJ'SIS PCbBsed Monte Carlo range and damage ^ FP^ 1 
mtS,! i» Maf«r)»It assumes that the target maternal hwjjjj 
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ION iMPtAKTATION FOR ULST 387 

must be restored to their pre- Imp I an ted structure, and the Implanted spedes must be electrically 
activated. Described in this section are: a) the aspects of implantation damage; b) the 
mechanisms of damage annealing: and c) the electrical activation of implanted dopants* Figure 
10-14 Illustrates the subjects that will be covered. At the conclusion of the section it will be 
noted that as devices are designed with very shallow junctions (e.g., £250 run deep], the 
remaining residual implantation damage {even after the annealing process) represents a 
mechanism that degrades device operation. An example Is the excess reverse-bias leakage 
current observed when such shallow junctions arc fabricated. 

10,3,1 Implantation Damage In Silicon 

When energetic ions strike a silicon substrate they lose their energy in a series of nuclear and 
electronic collisions, and thus rapidly come to rest some hundreds of atom layers below the 
surface. Only the nuclear collisions result in displaced silicon atom* {vH&a referred to as damage 
or disorder). An individual nuclear collision can result in different types of displacement events, 
depending upon the magnitude of the energy iransferred. 

If the energy transferred to a silicon atom (AE^) is less than the energy required to displace it 
from its lattice site, E dJ > no displacement event results. If 2E 4 , 2 AE„ Z B d|4 a single 
displacement and simple isolated point defects are created If AS^ £ 2%. point defects and 
secondary displacements (i.e.* recoiled lattice atoms with enough energy to generate additional 
lattice disorder) are produced, finally, if cVE n » 2E dl , multiple secondary displacements and 
defect clusters are created, (Note* E dl [Si] -1 5 eV.) 

Because of their extremely small size* the exact nature of isolated defects and defect com- 
plexes from ion implantation ore hard to characterize. However, each displacement of a lattice 
atom (whether by a primary beam ion or an encrgedc recoil lattice mom}, produces a Frcnkel 
defect (see Chap. 2). In addition, it is widely agreed that the defects include; a) vacancies [V): b) 
di-vnennries [V 2 ) Cic., two vacancies bound together): c) higher order vacancies and (vacancy- 
impurity complexes]; and d) Interstldals [I). The ions create zones of gross disorder populated 
by such defects in regions where they deposit their kinetic energy (Fig. 1 0-15). These tones are 
vacancy-rich at the center, and are surrounded by (fl, since each displaced Si atom moves inio 
the lattice with velocity components perpendicular to the ion track 

The lattice in these disordered regions exhibits several diETcrcnt damage configurations: 

1. Isolated point defects or point defect clusters In essentially crystalline silicon (i.c., the 
type of damage that results from implanting light ions, or when a 2E dl ). 

2. Local zones of completely amorphous material in an otherwise crystalline layer (le„ an 
amorphous reglan is defined as a region in which the displaced atoms per unit volume 
approach the atomic density of the semiconductor). Local zones of amorphous damage 
are associated with low-dose implants of heavy ions (i.e,< AE^ » E^). 

3. Continuous amorphous layers which form as the damage from the ions accumulates. 
That is* as the dose of ions {typically heavy ions) increases, the locally amorphous 
regions eventually overlap, and a continuous amorphous layer is formed. 

In our discussion Typol and Type-2 damage will be grouped into the category of primary 
crystalline-defect damage. Type«3 damage will be referred to as amarpliaus layer damage. The 
basis for this grouping (as shall be seen in the sections that discuss damage annealing), is that 
the annealing strategy for Type-1 and Type-2 damage arc the same, but a different annealing 
procedure is employed forType-3 damage. 
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Fig. 1MB tap density dilution 6» 10l>kiV As taplunmtlon. •**~"«£** doM Bm ' 3 
SnlZl from Brie* 35 ^rvcs.» Reprinted by permiwion of Atn=n«n Physical Society. 

The minimum (or threshold dose required to convert a crystalline nmtmaltD ^«phous 
lava" ante arrived U from a number of different viewpoints. First, it * certtm that when the 
layer con B"mvw a*™, atoms/unit volume (e.g.. 5x10- 

"t^c^ *e damage density rcacheK this valua an 

^us'SJont tched. AnoLr view holds that them is a «""» 
S placed into the-cryslnl to mate ilamorphous* Tms critical energy ^ts given by: 

»nd die ore-factor f is 0.1-0.5 for Si Based on this model. Brlce published tables that predict 
Z etn" To t+2£S*» l^er formation for different doses (and .^Jjf"^ 
S"' fl L M plqttB d mc data from these tables for As implanted into Si (Fig. 10-18). A 
cSa -So be obtnlned by assuming that if enough energy is applted to the crystal 
TcSLlSng Cfor Si. 10» kcW); this would also produce an amorphous luyerJ For 100- 
SHTSS do* . calculated from this approach (where E, * the beam energy m keV, 

and Rpin cm), is: ^ = ^^^j^, 6jcl0 * ions/cm* H0.13] 
From the discussion on minimum Implant dose for creating an amorphous layer, three more 

Important aspects of amorphous layer structure can be inferred: 
i From Bite's model (Fig. 10-18). it can be seen that some implant doses will cause an 
L^hol tover Wfotm below the surface of the Si, but that near the surface not enough 
S : 2? tSnSed to the lattice to cause the material to become 

i£^ f s^ 

Sneallag chamctcrisdes than those that extend all the way to the surface. 
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u,^*- „ k the electronic charge Although ft depends strongly on the concentration of doping 
and KptX dSe. values of R5 have been tabulated .^J* 
dlt^l For a known dose, toll electrical activity is reached when the predicted Rs g^cheA, 

iksaricul activation of Implanted impurities in amorphous layers proceeds dtifcrently than in 
u^fShorimS mmS damage. As will be discussed, electrical activation m amorphous 
fty^wtthjmmwy erysuu unburn* inewpoxated onto lattice sites during recrys. 

2££%ZEZ XSc^HnTtiged radons exhibits more convex behavior 

S!^o?He^S^sAe toeAW electrical activation behavior of implanted 
JZEl£i2iX£ ^varying temperatures, but for identical M.h *■ > «JJ *" 

S is used to indicate the degree of activation. That is, when PHgl / T - I J W 
ibl X "i other impurities exhibit similar behavior ^^°r2ed. 
raided the imohmtarion does not cause a continuous amorphous layer to be formed, 
provided tne imptanowou uow « m-tntm 1 of Fir. 10-20) shows a ntonotomc increase In 
The tcmpmturcrange up to 500 ' C 0* c BWJ l( ««B • *» concomitant large 

^Wfrir*ni nebvitv. This is due to the removal or trapping ucjcuis w»* » 
fnSLtte ft?G«SSc concentration as the traps release the carriers to the valence cr 

Seven ^EwSfflLe^ BOO- OOO'C The higher the dose, the more disorder, and me higher 
1 wSSS STlSlfl? BOttdidoO being dependent on implanted spectcs. energy. 

and dose.^^ 4 

in 3 iL2 Annealing ol Primary Crystalline Damage: isolated point defects and point defect 

to the mwimum allowable junction depth dictated by the device design 3° 

py me mwmnuui j implantation damage be conducted in a neu- 

out! S£*aa£ 5 *e anneal Cc me annealing is performed in an oxygen ambient). 
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amorphous layer, however, must be J£™3 ™" *» **pto>t*i into the region beyond 
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vate an amorphous layer, and th JSn^Sl ^ 0BC 10 " 22) - therefore, to fc£ «2 
temperature anneals ian 600% 22 1! ^ Pmnn,y «3WaJB« damage behind 
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flg. 10-21 Solid plwwe rcgrawth of a 200 kcV\ ojiiotycm* antimony Implantation nt525 fl C TEM cross 
section micrograph. Courtesy of Institute of Physics, Conference Scried 

layer. The gives rise to optical interference effects from the light reflected off the subsurface 
damage layers and the surface 

Some of the crystallise defects in the region beyond the amorphous layer are annealed out 
during subsequent thermal cycles, but others give rise to extended defects (such as dislocation 
loop* and stocking faults), which then grow and Interact. Under some implantation and 
annealing conditions, these defects move to the surface and eventually disappear, while in others 
they grow into larger structures which Intersect the surface or remain in the bulk. 

In a large number of cases, the total number of 'excess* Si atoms found in dislocation loops 
after thermal annealing fits a. remarkably simple model* Even though hundreds to thousands of 
atoms are displaced from their positions in the Si lattice by each ion Impact, the number of 
residual Si atoms left out of the lattice after the completion of thermal annealing increases with 
ton dose and is closely proportional to the number of ions. This is known as the M +l* model, 
where the number of excess Si interstitial atoms is equal to the number of implanted dopant 
atoms that occupy lattice sites after thermal annealing. 311 * 39 These Si iuuzrstitials arise from the 
dopant atom replacing the SUatom in the lattice, 

10-3-4.4 Dynamic Annealing Effects The heating of the wafer during implantation can impact 
the implantation damage and the effects of subsequent annealing. A rise in temperature 
increases the mobility of the point defects caused by the damage, and this gives rise to healing 
of damage even as the implant process is occurring, hence the name dynamic annealing** 0 In the 
case of light Ions, sufficient damage healing may occur to prevent the formation of amorphous 
layers, even at very high implantation doBes. In the case of heavy ion implantations* dynamic 
annealing can cause amorphous layer re growth during the implantation step. 

A study by Prussin et at/ 1 showed that the wafer cooling capability of an ion tmplanter can 
impact the structure of the damage following implantation because of dynamic annealing 
effects. That is, if a wafer is prevented from being significantly heated above room temperature 
by adequate heat sinking during Implantation, dynamic annealing is minimized. On the other 
hand, tf no heat sinking is provided and wafers arc allowed to rise to tcmrjcratures -15o-300°c; 
dynamic annealing effects can produce changes in implantation damage structures. This 
typically occurs in non-reproducible and unwanted ways* such as the formation of buried 
amorphous layers, or crystalline layers containing high densities of dislocation loops, 

10.3A5 Diffusion ol Implanted Impurities: As described in Chap. 9, the diffusion of impurities 
in single-crystal Si is a complex phenomenon. The diffusion of impurities in implanted Si is 
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phenomenon Is called transient enhanced diffusion (or 7*0 - which is discussed in detail I to 
Chop 9). It is driven by the extra defects and Si interstitial atoms that are present after the 
Implant, but which are rapidly annihilated during the first stages of thermal anneals. 

In early semiconductor device fabrication processes, diffusion of impurities during nnneahng 
wns often used to drive them to depths beyond the range of implantation damage. This resulted 
in the production of junctions which were not degraded by lntticc damage. Present demands to 
shallow juncdons in CMOS (as wcU as for narrow-base and shallow-emitter regions in bipolar 
devices), no longer allow extensive dopant redistribution during anneal. Therefore rapid thermal 
processing (see Chap. 8) Is used to anneal implantation with minimal impurity redistribution. 
OTP cycles of -1000°C for 10 sec can activate implanted layers as effectively as 30 minute 
fiirnaee anneals at 100O»C (Fg. 10-24), but with impurity redistribution distances or only a few 
hundred angstroms (compared to several thousand angstroms for furnace anneals). Kir cycles 
for shallow Junction annealing often use "spike" anneal temperature profiles, where a fast 
temperature ramp up is followed Immediately by a cooling down after the anneal temperature Is 
reached. Shallow junctions have also been fabricated by "pre-rnnorphlxing. In which a 
combination implantation is performed as a way to reduce the depth of Ihe tail from channeling- 
That is. an implant of Si or Go is first carried out to amorphtec the Si surface, and then the 
dopants (such as B) are implanted. Annealing wilh RTF is conducted after Implanting the 
desired Impurity (see also Sect. 11.6.4 which deals wilh Shallow Junctions). 

The redistribution or impurities in polysilicon should also be considered. It is observed that 
dopants redistribute themselves much more rapidly In polysilJcoo than in sing e-crystal Si (as a 
result of grain boundary diffusion). Thus, even short RTP cycles that anneal Implantations m 
smitie-crysial SI without appreciable redistribution are likely to uniformly distribute unpurloes 
throughout a thin film of polysilicon. This is useful for producing polysilicon gates with reduced 
boron depletion effects. For some Impurities (e.g.. As), a copping oxide must be present to 
prevent significant As outdiffusioa from the polysilicon by such cycles. 
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600 B0Q 10DB ««• 

Depth In Silicon (Angstrom) 
Fin. 10-24 Atomic profiles** 1 VeV boron Implant* oftcra nook anneal a) tXUWC for 20 see or spike 
anneals at 1050"C 1 1 Q0»C and 1150"C l 03 Reprinted with permission of Elsevier. 
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